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The kinetics of aquation and anation reaction have been studied with pentaamineruthenium(IIT) complexes

containing halogenoacetates (fluoro-, monochloro-, dichloro-, trichloro-, bromo-, and iodoacetates).

It has been

found that the aquation reaction proceeds through two kinds of paths, i.e. the acid-catalysed path and the acid-

uncatalysed path, except the cases of dichloro- and trichloroacetate complexes.
trichloroacetate complexes are not catalysed by a proton because these ligand acids are strong acids.

The aquations of dichloro- and
The equi-

librium constants between [RuH,O(NH,);]*t and [RuO,CRX(NH,);]?t (O,CRX=halogenoacetate), Koq, were

calculated from the anation and aquation rate constants.
chloro-, trichloro-, bromo-, and iodoacetatocomplexes are, respectively:
5.2x10-3, 3.6 x 10-3, 9.0x 10-3, 23 x 103, 3.5% 10-3, and 3.3 X

49.0x 1075, 6.8 x 10-% and 6.7 x 10-% sec™*; K,

q

10-3 M, at 60 °C. The free energy plot, log k., vs. log Keq, gave a straight line with a gradient of 1.0.

The k.q and K,y values for the fluoro-, chloro-, di-
kaq, 10X 1075, 7.5 1075, 19.1x 1075,

It has

been concluded that the acid-uncatalysed reaction proceeds via a Syl mechanism, while the acid-catalysed reac-
tion seems to take place with a Sy2 mechanism. Some remarks have been made on the molecular interaction

between the complex and the acid catalyst.

In a previous paper we reported on the kinetics of
acid-hydrolysis for carboxylatopentaammineruthenium-
(III) complexes.’ It was found that one of the reac-
tion paths, i.e., the acid-uncatalysed one, proceeded
through a dissociative mechanism; however, the mecha-
nism for the acid-catalysed path was not clear. We
have now extended the study to obtain further infor-
mation concerning the reaction mechanism. Thus,
the aquation and anation rate constants were measured,
and the reaction mechanisms were discussed on the
basis of the free-energy relationship.?

Experimental
Materials. All the chemicals used were of a reagent
grade. Twice-distilled water was used in all kinetic runs.

The ionic strength and the acidity of the recaction solution
were adjusted with p-toluenesulphonic acid and its sodium salt.

Chloropentaammineruthenium (I11) chloride was prepared by the
method of Allen et al.® from ruthenium trichloride and
hydrazine hydrate.

Found: H, 5.08; N, 23.759,.
ClL: H, 5.19; N, 23.989%,.

Aquopent ineruthenium(I1I) perchlorate was prepared by
the method of Endicott and Taube.®

Found: H, 3.20; N, 13.749%. Calcd for [Ru(H,O)-
(NH,);1(C10,),: H, 3.42; N, 13.94%.

Halogenoacetatopentaammineruthenium(III)  perchlorates  were
prepared by the method of Stritar and Taube® from chloro-
pentaammineruthenium chloride, a halogenoacetate buffer
solution, and a zinc amalgam.

Found: C, 5.06; H, 3.40; N,
[RuO,CCH,F(NH,),;](Cl0,),: C,
15.15%,.

Found: G, 4.77; H, 3.50; N, 14.86%,.

Calcd for [RuCl(NH,);]-

Caled for
3.68; N,

15.00%,.
5.19; H,

Calcd for [RuO,-

1) A. Ohyoshi, A. Jyo, and N. Shin, This Bulletin, 45, 2121
(1972).

2) C. H. Langford, Inorg. Chem., 4, 265 (1965).

3) A. D. Allen, F. Bottomley, R. O. Harris, V. P. Reinsalu,
and C. V. Senoff, J. Amer. Chem. Soc., 89, 5595 (1967).

4) A.D. Allen and C. V. Senoff, Can. J. Chem., 45, 1337 (1967).

5) J. F. Endicott and H. Taube, J. Amer. Chem. Soc., 84. 4984
(1962).

6) J. A. Stritar and H. Taube, Inorg. Chem. 8, 2281 (1969).

CCH,CI(NH,);](ClO,),: C, 5.02; H, 3.59; N, 14.63%.
Found: C, 4.73; H, 3.18; N, 13.739,. Calcd for [RuO,-
CCHCIL,(NH,);]1(Cl0O,),: C, 4.68; H, 3.12; N, 13.659%.
Found: G, 4.58; H, 2.86; N, 12.83%,. Calcd for [RuQO,-
CCCL(NH,);](ClOy),: C, 4.39; H, 2.74; N, 12.79%.
Found: C, 4.40; H, 3.08; N, 13.149%,. Calcd for [RuO,-
CCH,Br(NH,);](C10,),: C, 4.59; H, 3.25; N, 13.38%.
Found: C, 4.30; H, 2.85; N, 12.179%,. Calcd for [RuO,-
CCH,I(NH,);](ClO,),: C, 4.21; H, 2.98; N, 12.28%,.
Kinetic  Runs. The aquation rate was measured
spectrophotometically as previously has been described.?
The rate of anation is expressed by the ordinary second-
order rate formula:

dx/dt = kap(a—x)(b—x) — kagx (1)

where x is the concentration of the [RuO,CRX(NH;);]**
ion at time £, and where a and & are the initial concentrations
of [RuH,O(NH,);]3* and the halogenoacetate ion respec-
tively. The last is known from the formal concentration and
the acid dissociation constant under the given conditions.
When the value of a is negligibly small as compared with b,
Eqg. (1) can be integrated to give;

In[(xeo—#*)/Xa] = — (kaq+ bkan)t (2)

where the suffix co denotes the equilibrated state. When the
anation is measured by a spectrophotometric method, Eq. (2)
is replaced by;

In[(Aew—A4:)/(Aw—Ag)] = — (kaq+ bkan)t (3)

where 4,, A;, and 4. are the extinctions of the reaction mix-
ture in the initial state, at time ¢, and in the final state respec-
tively. By plotting log(4—4;) vs. ¢, the apparent rate con-
stant, k,,s, can be obtained. The equilibrium quotient,

K.q, was calculated from the value of £y and £an.

Results and Discussion

Aquation Reactions. The pseudo first-order rate
constants, k., for the aquation of complexes were
measured at different hydrogen-ion concentrations
of the reaction solution. As is illustrated in Fig. 1,
the plots of £, uvs. the hydrogen-ion concentration
gave straight lines for all the complexes. The ob-
served rate constant, k., can be expressed by Eq.

(4);
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Fig. 1. Relationship between k,ps of aquation reaction and

the hydrogen-ion concentration. (60 °C, u=1.0)
O fluoroacetato-, @ iodoacetato-, € dichloroacetato-, (P
trichloroacetato- complex.

kobs = km,0 + ku[H*] “4)

where ku.o is the acid-independent rate constant and
where ku is the acid-dependent rate constant. In the
cases of dichloro- and trichloro-acetatocomplexes, the
contribution of the in path in Eq. (4) was negligible
compared with the km,0o path; therefore, the rate con-
stant of aquation, £,, could be approximated as equal
to km,o. The calculated km.,o and kx values are listed

TABLE 1. RATE CONSTANTS OF ACID-CATALYSED AND
UNGATALYZED PATHS IN THE AQUATION REACTION OF

HALOGENOACETATOPENTAAMMINERUTHENIUM (IIT)
COMPLEXES AT u=1.0

Akira OnvosHi, Satoshi SuipA, Shuichi IzucHi, Futoshi Krtacawa, and Katsutoshi OHkUBO

Complexes te%p. I()?,Ig“oa()]) kH;g :S } o ﬁ x 1 1522_ 1
Fluoroacetato- 40.1 2.624 0.1 0.25
50.0 0.28 0.82
60.0 1.0 2.3
70.0 1.4 7.9
Chloroacetato- 40.0 2.90 0.05 0.44
50.3 0.17 1.41
59.8 0.75 2.50
70.4 1.48 8.4
Bromoacetato- 40.3 2.94 0.10 0.50
50.0 0.14 1.45
60.0 0.68 2.6
69.5 1.7 8.
Todoacetato- 40.2 3.21 0.04 0.86
49.6 0.13 1.50
60.2 0.67 2.7
71.8 1.4 8.7
Dichloroacetato-  60.0 1.32 1.91 —
Trichloroacetato- 60.1 0.70 4.90 —

a) These values obtained from Ref. 7.

7) G. Kortim, W. Vogel, and K. Andrussow, “Dissociation
Constants of Organic Acid in Aqueous Solution,” Butterworths,
London (1961), p. 291—295,

[Vol. 46, No. 8

in Table 1, together with the pK, values of the ligand
acids.

The rates of aquation increase with an increase in
the ionic strength. Applying the Brensted-Bjerrum-
Christiansen formulation® (Eq. 5), the dependence of
the ionic strength on the kn value was investigated.
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where ku is the acid-dependent rate constant, ku,o
is the same for infinite dilution, Z, and Z, are the
charges on the two reactants, u is the ionic strength, 4
is a constant equal to 0.509 for water at 25 °C, and the
B constant is of the order of the magnitude of unity.

In kH = In kH,O +

11r 7
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Fig. 2. Relationship between the acid-catalysed rate con-
stant kg and the ionic strength of the solution. (60 °C,
[H+]=0.025M)

O Fluoroacetato complex, @ Iodoacetato complex
temp: 60°C, [H+]=0.025M

0.35

Figure 2 shows the relationship; between the kx values
and z# according to the simplified equation, Equation
(5). Since the present experiment was carried out at
#=1.0, this relationship is not sufficiently reliable;
however, the slopes of the straight lines in Fig. 2 are
both nearly +2, and these facts suffice to show the role
of the proton at the transition state in the acid-depend-
ent path. These results show that the aquation rate of
the complex is dependent on the hydrogen-ion concen-
tration and that the two reaction paths are involved
in the reaction. This can be expressed by Eq. (6) for
one path and by Eqgs. (7) and (8) for the other path:
O

| k
[(NH,),Ru-OCRX]*+ + H,0 —

[(NH,),;RuOH,]*+ + RXCO,~ (6)
o OH
n |
[(NHa)sRu—O(HJRX]“ SH [(NH,);Ru-OCRX]*+
(7

8) F. Basolo and R. G. Pearson, “Mechanisms of Inorganic
Reactions”, 2nd ed., John Wiley and Sons Inc., New York (1967),
p- 34,
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[(NH:,)SRu—O(llRX]3+ + H,O L
[(NH;);RuOH,]**+ + RXCO,- + H+* (8)

The rate constant of the uncatalysed path (Eq. (6)), kg
corresponds to £,,. Equations (7) and (8) indicate
the acid-catalysed path, the rate constant, kg, of which
can be expressed by Equation (9);

ky = kgKy 9)

This relationship for the hydrolysis of similar com-
plexes of Co(III), Rh(III), and Ir(III) has previously
been reported.®-13)

=3.01
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Fig. 3. Relationship between ky of aquation reactions and

pK, of the ligand acids.
A: 70°C, B: 60°C, C: 50°C, D: 40°C

As is shown in Fig. 3, the plot of log kg vs. the pK,
value of the ligand acid gives a straight line, with a
gradient almost unity at lower reaction temperatures,
while the gradient is about zero at higher temper-
atures, therefore, the weak acid seems to behave as the
strong acid. The smaller £y values of fluoroacetato-
complex compared to these of the iodoacetatocomplex
(Table 1) may be due to the smaller tendency of form-
ing a protonated intermediate shown by Eq. (7); that
is, the electrostatic effect of the halogen atom is reflected
in the constant, K, of Eq. (7), which is important in
determining the £y values.

9) F. Basolo, J. G. Bergmann, and R. G. Pearson, J. Phys.
Chem., 56, 22 (1952).

10) F. Monacelli, F. Basolo, and R. G. Pearson, J. Inorg. Nucl.
Chem., 24, 1241 (1962).

11) K. Kuroda, Nippon Kagaku Zasshi, 82, 572 (1961).

12) K. Ogino, T. Murakami, and K. Saito, This Bulletin, 41,
1615 (1968).

13) T. Murakami, K. Ogino, H. Kobayashi, H. Yamazaki,
and K. Saito, ibid., 44, 120 (1971).
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Some remarks should be made here on the molecular
interaction between carboxylatopentaammineruthe-
nium(IIT) complexes ((NH;);RuOC(=O)R2+) and
the acid catalyst, Ht. Three distinctive modes of
interaction can be allowed in view of the orbital sym-
metry and orbital energies of the two species:

R
H+ >C=O —H*
\O N

NH,  H*

NH,. |
DRu(
NH,” | “\NH,

3
Ru-O=2.5A; Ru-N=2.23A; N-H=1.031 A; C-O=
1.28—1.43A, ARuOC=105°; LOCO=122.4—130°

The preliminary calculations of the all-valence-
shell-electron extended Huickel MO on the above inter-
acting system of (NH;),RuOC(=O)R2+—H+* 14 have
demonstrated that the most plausible interaction of the
H+ catalyst occurs predominantly in the direction of
the orbital expansion of the nonbonding lone-pair 2p-
orbital on the oxygen atom of the Ru-O bond in terms
of the weakening of the Ru-Oj; in the case of (NHj);-
RuOC(-O)H?*, the bond population of Ru-O (0.085)
is lessened to 0.073 by the electrophilic attack of th
H+ catalyst (H+—020.97 A). ‘

It is worthy of emphasis that the single C-O bond
is not weakened by the attack of the catalyst and that,
in some measure, the solvent of H,O participates in
the weakening of the Ru-O bond; the details of this
will be discussed precisely in a succeeding paper.

As is shown in Table 1, an antiparallel relationship
is found between the ku,0 values and the pK, values of
the halogenocarboxylic acids. Similar results were
obtained for the carboxylato-® and amino acido-®
pentaamminecobalt(III), and analogous ruthenium-
(III) complexes.)) These results indicate that the
aquation takes place via the Syl (lim) mechanism
because the rupture of the metal-ligand bond depends
on ‘the bond strength predicted by the pK, of the
carboxylic acids.

Anation Reactions and the Free-Energy Relationship.
The anation reaction of aquopentaammineruthenivm
(III) complexes with halogenoacetate ions may be
written as;

[RuH,0O(NH,),]*+ + RXCOO-

2 [RuO,CRX(NH,);]2* + H,0 (10)

and the rate constant, k., may be expressed by the
following equation;

kobs = kaq + £an[RXCOO~] (11)

The k,, is obtained from the slope of the linear plot of

kope vs. [RXCOO-], as is shown in Fig. 4. The equili-
brium quotient, K,,, is expressed by:

eq’

Keq = kaq/kan (12)
The values of £,, and K, are listed in Table 3.

14) The Coulomb integrals for the s, p, and d orbitals of Ru
were taken to be —9.00 eV, —7.00 ¢V, and —12.00 eV respec-
tively, on the basis of L. L. Lohr, Jr., and W. N. Lipscomb, Inorg.
Chem., 3, 22 (1964), and those for the s and p orbitals of the other
atoms were supplied by J. Hinze and H. H. Jaffe, J. Amer. Chem.
Soc., 84, 540 (1962).
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Fig. 4. Relationship between the k,,s of anation reaction
and the concentration of halogenoacetate ion. (60 °C,
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TABLE 2. RATE CONSTANTS OF AQUATION AND ANATION, AND
EQUILIBRIUM QUOTIENTS OF AQUATION-ANATION REACTIONS OF
HALOGENOACETATOPENTAAMMINERUTHENIUM (ITI) coMPLEXES

Akira Onvosni, Satoshi Smpa, Shuichi IzucHi, Futoshi Kitacawa, and Katsutoshi Onkuso

Complexes ll&nj](sle(iz—’ 1 k*;fé ?_1105’ K 1\>/} 102,
Fluoroacetato- 2.1 10 4.8
Chloroacetato- 2.1 7.5 3.6
Bromoacetato- 1.9 6.8 3.5
Iodoacetato- 2.0 6.7 3.3
Dichloroacetato- 2.1 19.1 9.0
Trichloroacetato- 2.1 49.1 23

Langford?, Haim'® and Murakami ef al.'® examined
the linear free-energy relationship between the equili-
brium quotient and the rate constant for aquation
reactions of various acidopentaamminecobalt(III) com-
plexes and obtained a gradient unity in their log-log
plot;

Alnk,y = adln K (13)

This value suggests a similarity between the transition
state and the product. When this value is unity, the
state of the ligand is the same as that in the product.

A similar plot of our results for the halogenoacetato-
pentaammineruthenium(I1I) complexes is shown in
Fig. 5. An apparent « value of 1.0 is obtained from

15) A. Haim, Inorg. Chem., 9, 426 (1970).

[Vol. 46, No. 8
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Fig. 5. Linear free energy relationship between the equili-
brium quotient Keq and the rate constant for aquation,

kaq-
Least-squares equation log kyq= —1.63+1.02 log Keq

the gradient of the straight line. Thus, it can be con-
cluded that the halogenoacetate ligand in the transition
state for the aquation reaction is very similar to sol-
vated anions; that is, the aquation reaction proceeds
by the Syl mechanism.

Haim!® gives Eq. (14) in discussing the relation be-
tween £,, and K,, for the auqations of the pentaammine
series of cobalt(III) complexes:

log kaq = log kx K, — log Keq (14)

where K, is the ion-pair or outer-sphere complex for-
mation constant between the aquopentaammine ion
and the incoming ligand, and £, the inner sphere-outer
sphere interchange velocity of the ion pair.

In the present study, a similar discussion is possible
for the anation and aquation mechanisms. Since
K, =Kk, |k,,, the gradient of 1.0 in the logk,, vs.
log K, plot (Fig. 5) implies that the first term on the
right-hand side of Equation (14) is independent of the
nature of the incoming ligand, RXCO,~, in Reaction
(10). The log k. K, term will be constant if the indivi-
dual values of k£, and K, remain constant as the ligand
RXCO,~ is varied. Since the value of K is deter-
mined by the charge of the ligand, Langford’s linear
correlation for the RXCOO- ligands implies that the
values of k, are independent of the nature of the ligand.
As is shown in Table 2, the observed rate constants for
various anation reactions are practically the same; that
is, there is little assistance by the incoming ligand in
the outer sphere-inner sphere interchange reaction.
In other words, this interchange is the rate-determin-
ing step for the anation reaction.






